We present a novel experimental method for quantitatively characterizing the temperature-dependent mechanical behavior of individual nanostructures during uniaxial straining. By combining a microelectromechanical tensile testing device with a low thermal mass and digital image correlation providing nm-level displacement resolution, we show successful incorporation of a testing platform in a vacuum cryostat system with an integrated heater and temperature control. Characterization of the local sample temperature and time-dependent response at both low and high temperature demonstrates a testing range of ∼90-475 K and steady-state drift rates less than 0.04 K/min. In situ operation of the tensile testing device employing resistively heated thermal actuators while imaging with an optical microscope enables high-resolution displacement measurements, from which stress-strain behavior of the nanoscale specimens is deduced. We demonstrate the efficacy of our approach in measuring the temperature dependence of tensile strength in nominally defect-free 110 Pd nanowhiskers. We uncover a pronounced sensitivity of the plastic response to testing temperature over a range of ∼300 K, with an ultimate strength in excess of 6 GPa at low temperature. The results are discussed in the context of thermally activated deformation mechanisms and defect nucleation in defect-free metallic nanostructures.
I. INTRODUCTION AND BACKGROUND
Successful design and implementation of devices based on nanoscale materials requires understanding of the deformation mechanisms of their building block components. While the superior strength and elastic deformation range in nanoscale elements such as nanowires and thin films are promising for their application as flexible electrodes, 1, 2 sensors, 3 and resonators, 4, 5 their mechanical response cannot be directly extrapolated from bulk material behavior. In nanoscale applications based on non-mechanical material properties such as surface plasmon resonance in metallic nanostructures 1, 6, 7 or thermal conductivity, 8, 9 predictable functionality often hinges on the mechanical integrity of individual components, as large stresses that may approach or exceed the material failure limit are incurred during fabrication and operation.
For many applications, the coupling of temperature and stress in governing response is inevitable due to large temperature ranges of the operational environments. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Even within modest temperature ranges, the influence of temperature on material phenomena is strongly enhanced by size. High surface-to-volume ratios can lead to surface diffusiondriven melting below bulk melting temperature. [24] [25] [26] In addition, whereas in bulk metals plastic deformation is largely driven by pre-existing dislocation interactions, dislocations often need to be nucleated near the theoretical strength in pristine single-crystal nanostructures, a process that is believed to be thermally activated. [27] [28] [29] Moreover, the observed behavior a) Email: gianola@seas.upenn.edu following incipient plasticity often differs greatly from what is observed in bulk, and the physical origins of these processes are still being investigated. [30] [31] [32] Taken as a whole, a regime of behavior characterized by extreme stresses and pronounced temperature dependencies is expected in defect-free nanostructures but has yet to be explored experimentally.
Accordingly, several testing methods have been developed to investigate temperature-dependent mechanical behavior in small volumes. Temperature control has been integrated with microscale compression [33] [34] [35] and bending 36 setups to characterize pillar and cantilever structures, respectively. Hot nanoindentation has also been developed for probing submicron-sized volumes in coatings and thin films. [37] [38] [39] [40] [41] [42] [43] [44] [45] However, interpretation of results from such testing modalities often involves assumptions about testing geometry and substrate effects, and temperatures are limited to above room temperature. Tensile testing can provide truly uniaxial deformation with fewer constraints on sample geometry, from which the full suite of mechanical behavior can be directly obtained. 1, 3, 46 Tensile testing of thin films has been integrated with low temperatures to circumvent issues related to specimen thermal stability, 47, 48 but currently no setup to our knowledge has been applied to testing nanowire or nanotube geometries.
Whereas several testing methods for such small geometries have been developed for in situ imaging platforms, 1, 2, 49-53 temperature control is not easily incorporated in large part because of the large thermal masses of testing components. MEMS platforms 5, 13, 54 are particularly versatile due to their small footprint and can easily be transported with a prepared sample to other operating environments. In particular, the low thermal mass of MEMS stages is favorable for exploring temperature-dependent material properties above, as well as below, room temperature. This paper details a novel nanoscale tensile testing methodology for determining temperature-dependent mechanical behavior of individual nanowires over a range of 90-475 K. Our paper begins by describing the materials and MEMS tensile testing platform, followed by integration into a cryostat system. We describe characterization of the device operation at various temperatures, and outline a typical procedure for non-ambient testing. We then demonstrate the efficacy of our approach as applied to tensile testing of 110 Pd nanowhiskers (NWs) -nominally defect-free single crystalline nanowires -over a wide range of temperatures, which exhibit strongly temperature-sensitive deformation and fracture strengths near the theoretical limit of strength of a crystal. The Concluding Remarks discuss the advantages of our testing methodology and propose several possible improvements to the system.
II. EXPERIMENTAL

A. Materials and specimens
The single-crystalline Pd NWs examined in this study were grown by thermal evaporation onto [0001]-SrTiO 3 or [0001]-Al 2 O 3 substrates under ultra-high vacuum conditions. The NWs were determined to be axially oriented along the 110 direction by electron diffraction analysis on at least ten NWs from each substrate, and possess high aspect-ratios, with lengths 5 < l < 20 μm and diameters 30 < d < 150 nm. The substrates are maintained at elevated temperatures of 950
• C to promote diffusion of Pd atoms along the surface. Substrate surface features such as atomic steps act as nucleation sites for growth, and the high interfacial energy leads to the growth of islands and whiskers instead of a conformal film. The nearequilibrium growth conditions result in NWs free of visible defects with fracture strengths in the range of the theoretical strength. 2, 32, 54 Further details of the fabrication process can be found in Refs. 2 and 55.
B. MEMS testing device and vacuum cryostat system
Individual NWs were harvested in a scanning electron microscope (SEM) with a Kleindiek nanomanipulator equipped with a tungsten probe, then aligned and mounted to a MEMS tensile testing stage (Fig. 1(c) ). Since most of the wires are smaller in diameter than the radius of the probe tip used for manipulation (>100 nm), trenches were etched into the Si grips near the edges during preparation using a focused-ion beam ( Fig. 1(c) ) to ensure that the mounted NW is flush with the grip surface. The NWs were secured across the Si grips using electron beam induced deposition (EBID) of a Pt-containing hydrocarbon matrix. Actuation of the testing device was achieved by Joule heating and corresponding thermal expansion of polysilicon chevron beams ( Fig. 1(c) ). A SiN x strip fabricated on the actuator-side grip mitigated heat flow to the specimen during testing. Force on the specimen was measured by the displacement of the load cell, which consists of a compound flexure beam system with a stiffness of 44 N/m.
The entire MEMS stage was mounted and wire bonded to a ceramic dual-inline package ( Fig. 1(b) ). Due to the low thermal mass of the package and stage, a non-ambient temperature testing setup employing a Janis ST-500 microscopy cryostat was used to uniformly heat or cool the stage. The cryostat consists of a sealed vacuum chamber with a fused silica window in the top flange for imaging the stage ( Fig. 1(a) ). The cryostat was continuously pumped using a HiCube 80 Eco turbo pumping station (Pfeiffer Vacuum) down to pressures as low as 10 −6 mbar. Liquid nitrogen (LN 2 ) entered from the inlet leg via a transfer hose, ran a path directly connected to the mount and heater, and exited through the outlet leg. Each leg is a pair of coaxial pipes, where the outer pipe is isolated from the inner pipe by vacuum to promote the continuous flow of nitrogen in liquid form until it reaches the exhaust in its gaseous state as well as to minimize condensation.
The chamber interior consists of a Cu mount directly coupling the sample to the cryogen path and a thermoresistive coil heater at the bottom ( Fig. 1(b) ). The mount includes clamps with copper wires to mechanically secure and electrically connect the ceramic package. Thermal pastes rated for cryogenic and high temperatures were used to further promote conduction between the mount and the sample. The wiring on the mount clamps is connected to electrical feedthroughs that enable the operation of the actuator by an externally connected power supply. Temperature sensor feedthroughs enable measurements of temperature at different points within the cryostat. Three temperature sensors were used inside the chamber: a thermocouple adhered with silver paint to the top of the testing stage substrate; a thermocouple on the mount midway between the cryogen path and sample; and a Si diode sensor at the foot of the mount on the resistive heater that provides feedback to a proportional-integral-derivative (PID) temperature controller. The different temperature measurements are referred to here as the sample temperature (T S ), mount temperature (T M ), and heater temperature (T H ).
The heater temperature was determined by the cryogen flow and the temperature control parameters, with control feedback enabled at this location by the PID loop. The sample temperature, however, was governed by additional factors and may be significantly different from the setpoint. With the chamber constantly being pumped at high vacuum, convection from the chamber walls is negligible. Due to the close proximity of the top of the ceramic package to the top flange and window (<0.5 mm), radiation can, in contrast, be significant and lead to excessive heating of the sample during cooling. Even with thermal paste applied to the bottom of the ceramic package, the sample temperature can be over 100 K away from the setpoint owing to radiation as discussed below. This large difference between the sample and heater underscores the importance of measuring temperature at multiple points, especially at or near the sample. The system used here is capable of achieving a nominal temperature range at the heater of 77-475 K. We note that this temperature range was selected to avoid high-temperature regimes where nanoscale instabilities have been reported to appear. 24, 26 C. Achieving and controlling sample temperature At a pressure of 10 −6 mbar, continuous cryogen (LN 2 ) flow enabled the heater block to achieve steady state at 77 K within 500 s of opening the dewar valve. For elevated temperature tests, both thermoresistive coil heating and active cooling were necessary for temperature control. In addition to the PID temperature controller, the flow of LN 2 , or an alternative cooling fluid such as N 2 gas, provided a stable cold reference temperature. As shown in the top panel in Fig. 2(a) , the flow rate control of the coolant affected the temperature stability, which can be attained upon adjusting the flow properly. Once steady state was attained, noise in the temperature reading at the sample (calculated as the standard deviation of a 1000-s time interval) reached a maximum of 0.08 K at a setpoint of 475 K and a value of 0.035 K at 77 K.
Temperature drift at different setpoints has also been characterized to estimate the overall change in temperature during testing. The drift ranges from a maximum value at 77 K of 0.035 K/min to a minimum at 475 K of 0.002 K/min. For a typical nanomechanical tensile test of 20 min, the highest drift value at the 77 K setpoint temperature provides an upper bound for an average temperature change of 0.7 K. Fig. 3 shows the sample-to-heater and mount-to-heater temperature differences, measured at five setpoint temperatures with the use of a radiation shield. At the lowest setpoint temperature, the mount-to-heater temperature difference was 4.08 K, whereas the temperature difference between the sample and heater was as high as 67.0 K. At the high-temperature target of 475 K the differences are smaller, with temperature offsets at the mount and sample of 0.9 K and 23.4 K, respectively. Nevertheless, a stable steady-state temperature at the sample was attained during both heating and cooling cycles, although the experimental temperature differences along the thermal path from heater to sample signify the importance of additional heat transfer mechanisms. Namely, the vacuum environment in the cryostat eliminates convective and air conduction heat losses from the chamber, but thermal radiation and solid conduction losses remain. Radiation played an important factor in the measured temperature offset due to the large temperature difference between the cryostat and the laboratory and the close proximity of the sample to the top flange and window. At low temperature, infrared radiation emitted from the cryostat chamber walls was partially absorbed by the sample and its surroundings, while at high temperature the sample lost heat via radiative losses. To verify if radiation, resulting from a temperature gradient in the system, was the dominant source of thermal loss, a Peltier module was placed near the cryostat window to cool the window during LN 2 flow into the cryostat. A decrease in sample temperature confirmed that radiation is a main source for temperature offset.
In order to reach low temperature offsets at the sample, solutions to reduce the influence of thermal radiation at low setpoint temperatures were implemented. An aluminum radiation shield on the ceramic package was hence introduced to reflect radiation incident from the surroundings. The shield was cut from a sheet of aluminum foil and secured to the top of the ceramic package with Kapton tape. An aperture was cut in the middle of the foil to allow viewing of the testing stage as well as preventing contact between the foil and the wire bonds. During LN 2 cooling down to 77 K, the temperature difference between the sample and heater was reduced by as much as 90 K with the presence of the radiation shield. In general, the shield provides optimal conditions for testing particularly at setpoints below room temperature.
Since the specimen to be tested was mounted on polysilicon grips suspended above the testing stage substrate, it is worth commenting on heat transfer mechanisms to the suspended specimen being tested. In order to determine the temperature difference between the substrate and the grips, a package containing a device without a clamped nanowire was mounted on a Peltier heating stage under a confocal Raman microscope (Fig. 4) . Raman spectra were obtained in air at room and elevated temperatures from both the device grips and substrate. The frequency of the strongest peak in the Si Raman spectrum displays a linear dependence on temperature near room temperature, 56, 57 and this dependence was used to measure temperature rise as the setpoint was increased (Fig. 4) . Substrate temperatures measured between 295 K to 383 K agreed well with the temperature measured at the grip, with any differences being within the uncertainty of the Raman measurement (∼3 K). We attribute this efficient heat transfer primarily to solid conduction through polysilicon and air conduction across a gap of about 2 μm from the substrate, overwhelming the expected heat loss to the surrounding air environment. These mechanisms are consistent with other reports of dominant heat transfer mechanisms in MEMS structures. 58, 59 In vacuum, in the absence of air conduction from the substrate, it is expected that conduction through the polysilicon will still enable the grips to stabilize at the substrate temperature within the stabilization timeframe.
D. In situ operation and digital image correlation
Imaging characteristics and measurement noise floors
Load and strain on the specimen were determined by optically tracking the motion of comb structures directly attached to the grips and substrate of the MEMS device ( Fig. 1(c) ). The displacement of and force on the nanowire were provided by the displacements of the actuator and load cell, respectively. The difference between these displacement values normalized by the specimen gage section provided a measurement of the nominal specimen strain. The in-plane drift of the entire chip was determined and corrected for by tracking the motion of combs anchored to the substrate. Compensation for out-of-plane drift is discussed in Sec. II D 2.
During testing, images were taken at regular intervals and then processed using digital image correlation (DIC) to track the displacement of these features. [60] [61] [62] A base image was divided into sub-images around high-contrast features (e.g., comb finger edges, marked by green points in Fig. 5 ), and the positions of these sub-images were updated for each subsequent capture based on maximization of a correlation function providing the best mapping between reference and deformed states. As the tracked structures were moving in a rigid body fashion, the correlation function was adequately determined via translations of the sub-images. Using optical imaging in the current setup, we achieved sub-pixel displacement noise floors with typical values of approximately 0.05 pixels.
The use of conventional infinity-corrected objectives (Olympus SLMPLN-N 100×) in air can produce clear images of the comb structures with high contrast at the edges requisite for precise DIC (Fig. 5) . The degree of contrast can be quantified by examining histograms of gray-scale values (averaged RGB values at each pixel) for each image; for the first configuration there are both a large range and a bipolar distribution representative of the light-dark contrast at the comb finger edges. However, the presence of glass between the objective and sample introduces spherical aberrations: instead of incoming light focusing on a single plane, the focal plane is "spread" along the optical axis, resulting in blurred features and lower contrast. This is evinced in the collapsed gray value histogram and the fewer sub-image points on only the inner side of the comb features that have been used successfully for correlating images captured under this condition. To compensate for the aberrations from the window, an adjustable multi-lens, aberration-correcting objective (Olympus LUCPLFLN 40×) was successfully employed to recover the high contrast of the window-less setup. The combination of aberration correction and sub-pixel correlation resolution led to peak-to-peak displacement noise below 100 nm, as described below. The displacement noise floors at different temperatures reflect the various sources of vibrational noise acting on the cryostat, as shown in Fig. 6 . At room temperature, only the vacuum pump was constantly running and the peak-to-peak displacement noise is at a minimum of 25 nm. The addition of constant cryogen flow at 77 K increased the noise slightly. To operate at elevated temperatures, either LN 2 or N 2 gas must circulate through the cryostat to actively compensate for any overshoot by the heater; in addition, the heater power operates intermittently in response to the PID feedback loop. These factors resulted in larger noise in the displacement measurement with a maximum peak-to-peak value of 62 nm at 470 K. Both peak-to-peak and standard deviation values in nanometer and pixel units are reported in Table I and plotted as a function of setpoint temperature in Fig. 6(b) .
Effects of drift along the optical axis
Drift may occur along the optical axis (z-direction) during temperature ramping and tensile testing and is compensated using a closed-loop piezoelectric objective scanner with a range of 200 μm and a resolution of 1 nm. As offfocus imaging can skew relative displacement measurements between the various comb features during load-unload tests and result in false displacement values, a test was conducted to quantify the artificial in-plane displacements as a consequence of the z-drift. Image sequences were taken while adjusting the objective in increments of z = 0.2 μm (relative to the z = 0 focal plane) to an absolute displacement of 2 μm away from focus. Using z = 0 as the base image, DIC conducted on the image sequence determined the net in-plane aberrant displacement between the anchor and actuator combs as a result of defocusing. A maximum value of 0.26 μm inplane displacement was measured at 2 μm off-focus. Over the course of a typical tensile test in which drift in z is less than 0.2 μm, as indicated by the shaded region in Fig. 7 , the artificial in-plane displacement reaches a maximum of 0.012 μm. While the artificial displacement can be substantially minimized by adjusting focus during testing (i.e., this measurement represents an upper bound for drift), the measured maximum displacement of 0.012 μm displacement remains low compared to the minimal peak-to-peak noise of 0.025 μm due to in-plane vibrations, as was shown in Fig. 6(b) .
Calibration of thermal actuator
The amount of Joule heating in the thermal actuator chevron beams during operation of the MEMS testing device, and therefore the displacement of the actuator, is directly related to the electrical power input (P) as a function of applied current (I) and voltage (V). In case of beam degradation leading to an increase in resistance, voltage is sourced instead of current (P = IR = V/R 2 ) to avoid catastrophic run-out of the actuator.
Actuator calibration was performed by capturing images of the testing stage at several voltage values and calculating the displacement using DIC. This information was used to linearize the voltage displacement function for different testing conditions, enabling constant displacement rates. Fig. 8 shows that stage operation in air requires higher voltages to reach displacements comparable to those achieved in vacuum due to conductive heat loss through air. In vacuum, calibration has been performed in the cryostat at various setpoint temperatures, the extremes of which are shown in affect the resulting actuator displacement induced by Joule heating. A figure of merit directly related to the Joule heating induced displacement (δ ∝ αC p /ρ) can be derived by accounting for the temperature dependence of the linear coefficient of thermal expansion α, the specific heat capacity C p , and beam resistivity ρ. [63] [64] [65] [66] Plotting the figure of merit alongside the measured resistivity at low voltage (inset of Fig. 8) shows that the changes in material properties dominate the temperature-dependent actuator response. Whereas ρ alone increases with temperature and thus would reduce the power supplied to the beams (P ∝ V 2 /ρ), the ultimate beam displacement δ response is predominately governed by the temperature dependences of α and C p (δ ∝ αC p /ρ). Indeed, the actuator calibration at the highest testing temperature yielded the largest displacements for the given voltage range. We note that the crossover at high voltages between the roomtemperature (295 K) and low-temperature (144 K) calibration curves shown in Fig. 8 can be attributed to changes in the heating profiles of the thermal actuation beams during Joule heating at cryogenic temperatures, which is not accounted for in the simple figure of merit. FIG. 8 . Calibration curves for the displacement of the thermal actuator along the tensile axis. In vacuum, the absence of convective heating losses results in larger displacements for the same voltages compared to operation in air. The inset shows that while the resistivity of the beams increases with temperature, the thermophysical properties of the actuator materials manifest in greater lengthening of the chevron beams, and hence larger displacements, at elevated temperatures.
E. Experimental procedure
In this section, we describe the basic procedures for manipulating an individual nanowire, achieving the desired testing temperature and performing the testing, as well as the analysis necessary for deducing the full constitutive response of the tested nanomaterial.
Nanowire harvesting and manipulation
Individual Pd NWs were directly harvested in a SEM from their substrate and mounted across the testing stage grips using Pt-EBID. 67, 68 The NW specimens suitable for tensile testing typically grow off the edge of the substrates roughly parallel to the substrate top and bottom faces, such that tilting of the testing stage or specimen is not necessary for alignment.
Load-unload tests to stresses well below the yield point of the NWs were performed in situ in the SEM immediately after specimen mounting to verify proper operation of the MEMS device and elastic response. This testing step also enabled accurate evaluation of the elastic behavior. The apparent strain measurement from the relative displacement between the actuator and load cell grips includes EBID clamp compliance, which is a prevalent issue for accurate strain measurement. At the higher magnifications available in the SEM, rather than tracking the displacement of the comb structures, EBID contrast markers deposited in spot mode on the grips and underlying substrate were used for the apparent strain measurement (Fig. 9(b) ). In comparison, the direct strain measurement was obtained by markers directly deposited on the NW and could differ significantly from the apparent strain. Several researchers have attempted to measure the properties of the organometallic materials deposited as clamps. [69] [70] [71] Murphy et al. recently reported on contact stiffness measurements of Pt-containing EBID used for tensile testing of Pd NWs and showed that error in Young's modulus can range from 0.7% to 27%, suggesting a large influence of the clamp displacement in nominal strain measurements. 72 While a number of strategies have been attempted to increase the stiffness of the EBID material, these researchers found the most reliable strategy for such experiments is the use of flat-clamping geometries, 72 which we have employed here. Since the stage and specimen are cooled uniformly, it is expected that thermal contractions would pull the NW in tension during cooling, leading to a nonzero initial load on the specimen (e.g., as high as 3 GPa for diameters as small as 40 nm, provided a temperature difference T = −150 K). To compensate for this phenomenon, an approach was developed wherein the specimen is intentionally "pre-buckled" prior to cooling. This was achieved by supplying a fixed voltage to the actuator to increase the grip separation prior to and during mounting (Fig. 9(a) ). Owing to the high aspect ratio of the nanowires, the expected critical buckling stress is less than 100 MPa, at least an order of magnitude smaller than the typical yield strength. 54 After securing the wire with EBID contacts, the voltage was ramped back down to zero, and the NW could be pulled taut during testing or during cooling. We note that this procedure is only necessary for low-temperature testing, as this pre-buckling effect naturally occurs during temperature ramping in preparation for high-temperature tensile testing.
Cooling/heating to target temperature
Prior to testing at a non-ambient setpoint temperature the ceramic package was first loaded onto the copper mount. A layer of thermal paste (either Apiezon N or Krytox for lowor high-temperature testing, respectively) was applied evenly onto both the mount surface and the bottom side of the ceramic package with a thin flat-edge. The package was then tightly clamped onto the copper mount, limiting any gap spacing between the package and the mount to ensure direct contact as well as to establish electrical connections to the MEMS device. Direct contact of the package and the mount enhanced thermal conduction for heating and cooling and additionally prevented the top of the package from touching the cryostat window. After securing the aluminum radiation shield with Kapton tape onto the ceramic package, the sample thermocouple was adhered onto the silicon chip surface with a double coating of silver paint. A piece of Kapton tape was placed to flatten the thermocouple onto the ceramic package and prevent contact with the cryostat window.
At that point, the device was ready for testing. After running a load-unload tensile test at ambient conditions to ensure chip actuation and operation, the cryostat chamber was sealed by tightly screwing the top plate. Following a roughing stage, the turbo pump was initialized to achieve vacuum. A transfer line, connecting the LN 2 dewar to the cryostat inlet, was secured for subsequent cryostat cooling. The microscope objective was centered above the MEMS testing stage and the focus was adjusted approximately every 10 min. Once a pressure of ∼10 −6 mbar was reached (typically after a few hours of pumping), an additional load-unload test at room temperature (this time under vacuum) was run to again verify chip actuation. Temperature readings from the Si diode sensor and thermocouples were recorded through a custom LabView program. Once recording was initiated, the cryostat could then be set to reach the designated setpoint.
For heating, a PID temperature controller was used to achieve and maintain the target temperature. Since a coolant was required to actively compensate in case of temperature overshoot, LN 2 flowed from the dewar and into the cryostat via the transfer line. Manual regulation of the flow of cryogen into the chamber was achieved via a valve at the transfer line.
Temperature values reported for a given experiment were calculated from the average temperature profile in the steadystate regime over the duration of a tensile test. A typical time of 1500-2500 s was needed to achieve temperature stability, as shown in Fig. 2 . After steady-state temperature was reached, imaging conditions were then verified to prepare for tensile testing at the stable temperature. Tensile testing could proceed once the focus remained fixed, in order to reduce artificial in-plane displacements as discussed in Sec. II D 2. A fixed nominal strain rate was programmed and the Pd NW specimen was run through several load-unload cycles before ultimately fracturing. Low-resolution DIC was performed real-time as images were being acquired during tensile testing to monitor progress and identify when yield or fracture occurred.
III. REPRESENTATIVE RESULTS
In this section, we report the application of the previously described method to temperature-dependent tensile testing of individual Pd NWs to highlight the capabilities of our technique in the context of thermally activated plastic deformation in metallic nanostructures.
A. Load-displacement response of Pd nanowires
Using the methods described herein, we first subjected a Pd NW (d = 46 nm) to load-unload cycles, and ultimately to fracture, at a constant actuator displacement rate of 3.0 nm/s (NW strain rate of approximately 1 × 10 −4 s −1 ) to determine its mechanical response at different temperatures. Fig. 10 shows measurements of the displacement evolution of the load cell (black curve), actuator (blue curve), and relative grip separation (red curve), which are used to deduce FIG. 10 . Displacement measurements for tests on the same Pd NW (d = 46 nm) during load-unload at room temperature (top panel) and during load-tofracture at 144 K (bottom panel). The buckled region visible at room temperature is no longer present at low temperatures due to thermal contraction of the NW. During the load-to-fracture test, since displacements are always measured relative to the starting positions at the beginning of the test, the negative position of the load cell after fracture is the true zero-load position. This indicates a pre-tension in the NW prior to the test. the stress-strain response of the NW. The top panel shows a load-unload cycle performed at room temperature (295 K) to confirm proper operation of the device before cooling experiments. A few regimes of behavior can be discerned from the load-unload response. Upon initial motion of the actuator (denoted by gray shaded region), the load was initially sluggish to response, which is ascribed to a slightly pre-buckled state of the NW. However, once the specimen was pulled taut, the load cell began to deflect indicating force borne on the NW. Despite the change in system stiffness in this state (denoted by green shaded region) no apparent change in displacement rate of the actuator was measured. In this loading regime, the load cell and relative grip displacements are linearly correlated, indicating a linear elastic response. The maximum load cell displacement at the peak of the loading corresponds to approximately 2.9 μN, which is an engineering stress of 1.7 GPa in this NW. Inspection of the unload portion of the curve shows near symmetry, indicating the process to be entirely reversible. Most importantly, no residual deformation was detected in the relative grip displacement showing that deformation is elastic within this stress range. The device and specimen were then cooled to a sample temperature of 144 K and subjected to a loading ramp to failure as shown in the bottom panel of Fig. 10 . In contrast to the room temperature behavior, the load cell immediately responded to actuator motion, which is an indication of thermal contractions of the testing device and NW during cooling that served to remove the pre-buckled state prior to testing. At approximately 0.15 μm of load cell deflection relative to the initial state for a total force of 6.6 μN on the sample, the load instantaneously dropped, indicating fracture of the NW. This event is accompanied by a slight surge of the actuator owing to a sudden change in system stiffness. Notably, the load cell did not return to its original position; rather, the fully unloaded state corresponds to an apparent negative value of displacement. This behavior indicates a pre-tension on the wire at the onset of tensile testing, again a result of thermal contraction during cooling of the MEMS device. We note that this apparent offset exceeded the pre-buckling intentionally imposed during manipulation of the NW, providing a quantitative estimate for the degree of thermal expansion and guidance for the pre-actuation necessary for a given target temperature. Future characterization at a range of temperatures will allow for more refined estimates of this pre-actuation leading to a zero-stress initial state. Most importantly, the load-free reference state provides the pre-tension quantity needed to calculate the absolute stress applied to the NW, as illustrated in the stress-strain curve at 144 K shown in Fig. 11 .
B. Temperature-dependent tensile response
The tensile engineering stress-engineering strain response of Pd NWs was found to be strongly dependent on the testing temperature. Fig. 11 shows the stress-strain behavior for 3 different NWs with diameters of 46, 73, and 40 nm at testing temperatures of 144, 295, and 441 K, respectively (left, center, and right panels). For each individual NW, a room temperature load-unload test was performed prior to the test to fracture, as shown offset along the strain axis. In all cases, the load-unload response demonstrated full elastic recovery, even when subjected to stresses as high as 3 GPa. Thus, we reason that incipient plasticity immediately preceded final fracture, as evidenced in detail in earlier work. 54 Beginning with the room temperature behavior of the 73 nm NW (Fig. 11 , center panel), we measured an apparent nonlinearity of the response at large strains (greater than ∼1%) followed by fracture at a strength of 3.4 GPa. The occurrence of nonlinear elastic behavior and ultrahigh strength are hallmarks of defect-free metallic nanostructures, which require stresses near the theoretical limit to initiate plastic flow. 2, 32, 54, 73 Chen et al. previously reported on such mechanical behavior in 110 Pd NWs and attributed the nonlinear elastic response to the increasing role of anharmonicity in the interatomic potential energy with increasing strain, as well as the high strength to defect nucleation near the theoretical strength of single-crystalline Pd. 54 The low-temperature (144 K) stress-strain response of a 46 nm NW was found to be markedly different from the room temperature behavior. In particular, the fracture strength of the specimen was measured to be 6.3 GPa, over 50 times higher than bulk coarse-grained Pd. 74, 75 Assuming a 110 orientation, this ultimate tensile stress corresponds to a resolved shear stress on the {111} 112 slip system of 3.0 GPa, which is approximately μ/14, where μ is the shear modulus of Pd. This result shows a pronounced dependence of strength on temperature. Moreover, no clear evidence of inelasticity is demonstrated in the stress-strain curve, suggesting that plastic deformation mechanisms are not active until the specimen reaches very high strength. FIG. 11 . Room temperature load-unload, followed by load-to-fracture stress-strain curves for 3 specimens fractured at low temperature (left panel), room temperature (middle panel), and high temperature (right panel). Load-unload experiments confirm linear elastic-behavior at room temperature. For each of the 3 wires shown, stress-strain curves are offset on strain axis for clarity.
In contrast, a wire with a similar diameter (d = 40 nm) tested at T = 441 K demonstrated lower strength relative to the lower temperature experiments, showing final fracture at 2.3 GPa. Interestingly, this NW fractured at a stress below that of the load-unload experiment performed at 295 K prior to the high-temperature experiment. Given that the load-unload response at room temperature was entirely elastic, this result unequivocally reveals a thermally activated plastic deformation mechanism. That the qualitative stress-strain behavior was similar for all testing temperatures, most notably the absence of a clear plastic flow regime, also suggests similar deformation mechanism(s). We also note that our transmission electron microscopy studies of fractured Pd NWs over a range of sizes show signatures of local plastic deformation at the fracture surfaces, indicating the activity of displacive processes. Results of this study will be published elsewhere.
In a pure single-crystalline fcc defect-free nanostructure, plastic deformation has been predicted to commence by nucleation of dislocations, which requires high stress and is expected to be thermally activated. 28, 76 This is in contrast to bulk dislocation-based plasticity mechanisms in fcc materials, such as interactions of mobile dislocations with a forest of pre-existing defects. Such defects are only weakly temperature-dependent owing primarily to the temperature dependence of μ, which sets both the obstacle strength and the friction stress of the mobile dislocation. 77, 78 Even in microscale single-crystalline fcc specimens, which have been reported to show a strong size dependence of yielding, the abundance of pre-existing dislocations that can be activated at relatively low stresses (compared with nucleation of new defect content) produces plastic activity that is athermal to first approximation. 79, 80 For defect-free materials on the other hand, several researchers have estimated the atomistic processes and corresponding energy barriers associated with dislocation nucleation in a pristine crystal via molecular dynamics simulations and transition state theory, 27, [81] [82] [83] in particular those of heterogeneous dislocation nucleation from a free surface. 28, 29, 76, 84 Taken as a whole, dislocation nucleation in fcc metals has been predicted to be weakly size-and strainrate dependent, yet strongly temperature-dependent. 28, 83 For a semi-quantitative comparison of the expected yield strength difference associated with the thermal contribution to surface nucleation, we apply the model of Zhu and colleagues, 28 which is based on the combination of atomistic simulation and nudged elastic band calculations of activation barriers. In a simplified linear version of their atomistically informed theory, 85 these researchers give the reduction of stress relative to the athermal yield stress, σ , owing to thermal activation as
where is the activation volume, k B T is the thermal energy, N is the number of equivalent nucleation sites, ν o is the physical attempt frequency, E is the Young's modulus, andε is the applied strain rate. We use values obtained from our experiments on Pd NWs to compare Eq. (1) to our measurements. Using an activation volume of 10b 3 , where b is the Burger's vector, ν o = 3.1 × 10 11 s −1 , and assuming corner nucleation from our truncated rhombic cross-sectional NW shapes 2 , Eq.
(1) predicts a strength difference for T ∼ 300 K of σ | T = 144 K − σ | T = 441 K = 4 GPa. Our experimental measurements gave a difference in strength of 4 GPa, which agrees excellently with the model for surface dislocation nucleation. Our results clearly underscore the importance of systematic experimental measurements of thermally activated plastic deformation mechanisms in single nanostructures.
We note that changes in elasticity response owing to a coupling between temperature-and size-dependent phenomena are interesting avenues of research. For instance, Chen et al. recently uncovered a large degree of anharmonicity in similar Pd NWs manifested as size-dependent linear and nonlinear elastic response. 54 As the temperature-dependence of elastic constants is tied to anharmonic response in atomic interactions, one would expect significant differences at the temperatures achieved in our setup. 86, 87 Our current measurements of Young's moduli at various temperatures, however, show substantial variation beyond the expected temperaturedependent material response due to compliance of the Ptcontaining clamping materials, as previously described. We ascribe this to the comparable stiffnesses of the clamps and the NWs, 72 although such behavior could be exacerbated by any temperature-dependent stiffness of the organometallic clamps.
IV. CONCLUDING REMARKS
In summary, we have shown the development of a platform capable of performing temperature-dependent in situ uniaxial straining of a single nanostructure. Our system employs a compact MEMS tensile testing platform and a commercially available vacuum cryostat system, enabling a temperature range of 90-475 K. The low thermal mass of the MEMS platform offers reasonably fast attainment of a steadystate temperature regime, good temperature control, and ease of installation. By coupling this system with a standard optical microscope and digital image correlation of image sequences, we can obtain quantitative characterization of nanoscale mechanical response with adequate fidelity (e.g., for testing nanowires with sizes down to ∼30 nm). We envision facile integration of any similar MEMS device for alternative testing modalities such as compression, bending, or indentation, as well as measurement of coupled behavior (e.g., electromechanical, thermomechanical). We demonstrated the successful application of our system to tensile testing of defect-free Pd NWs as a function of temperature, which exhibit pronounced temperature dependence of the fracture strength, a key signature of thermally activated plastic deformation mechanisms such as surface dislocation nucleation. A recent atomistically informed model of dislocation nucleation was found to agree with our measured temperature sensitivity. We expect our experimental approach to be suitable for measurements of other metallic and non-metallic quasi-1D and 2D nanostructures demonstrating unique deformation physics. 85 Several improvements to the configuration and operation of our system can be envisioned for enhanced performance and versatility. First, our temperature range could be extended by utilizing a different cryogen such as liquid helium (T min ∼ 4 K). This larger range has the added benefit of avoiding high temperatures where nanoscale structural instabilities could appear and complicate interpretation of the measured behavior. Also, the thermal resistance between the MEMS device and the Cu cooling block could be readily reduced by using a non-ceramic electronics package, which in turn would both decrease the time required for thermal steady-state as well as minimize the temperature gradient along the conduction path. A method for direct temperature measurement of the nanostructure, such as μ-Raman spectroscopy 88, 89 or electrical resistance measurements following calibration of the temperature coefficient of resistivity, 90 would additionally reduce uncertainty arising from thermal resistance from the gripping materials. Alternatives to the Pt-containing EBID clamping material providing high stiffness and strong grips for the NWs, such as those deposited directly using shadow masking, should be pursued to enable nanoscale measurements of temperature-dependent elasticity. Finally, we foresee the use of enhanced control of the actuator motion during heating and cooling based on feedback from real-time DIC measurement, which would also facilitate transient experiments such as creep, temperature jump, etc.
